The origin of the IceCube neutrinos is still an open question. Upper limits from diffuse gammaray observations suggest that the neutrino sources are either distant or hidden from gamma-ray observations. It is possible that the neutrinos are produced in jets that are formed in the corecollapsing massive stars and fail to break out, the so-called choked jets. We study neutrinos from the jets choked in the hydrogen envelopes of red supergiant stars. Fast photo-meson cooling softens the neutrino spectrum, making it difficult to explain the PeV neutrinos observed by IceCube in a onecomponent scenario, but a two-component model can explain the spectrum. Furthermore, we predict that a newly born jet-driven type-II supernova may be observed to be associated with a neutrino burst detected by IceCube.
INTRODUCTION
The origin of high-energy neutrinos observed by the IceCube observatory is still under debate. The distribution of the observed neutrino events is consistent with being isotropic, suggesting extragalactic sources (Aartsen et al. 2014) . Active galactic nuclei (AGNs; Stecker et al. 1991; Essey et al. 2010 Essey et al. , 2011 Kalashev et al. 2013; Padovani & Resconi 2014; Kimura et al. 2015; Murase et al. 2016) , gamma-ray bursts (GRBs; Waxman & Bahcall 1997; Murase & Ioka 2013; Liu & Wang 2013; Cholis & Hooper 2013; , starburst/star-forming galaxies (Loeb & Waxman 2006; He et al. 2013a; Tamborra et al. 2014; Chang & Wang 2014; Liu et al. 2014) , supernova remnants (Mandelartz & Becker Tjus 2015; Xiao et al. 2016; Zirakashvili & Ptuskin 2016) and young pulsars (Murase et al. 2009; Fang et al. 2014 ) are among possible candidates.
The flavor composition of the neutrino flux is consistent with the standard scenarios where neutrinos are produced via pp collision or photo-meson interaction, but disfavor a neutron-decay scenario at 3.6σ significance (Aartsen et al. 2015a) .
In addition to the spatial distribution of neutrino events and the flavor composition, the features of the observed neutrino spectrum are also crucial for identifying the sources. The IceCube Collaboration has reported a neutrino spectrum that can be best fit by a soft unbroken power-law spectrum with index of −2.50 ± 0.09 for neutrinos with energies above 10 TeV. A single power-law neutrino spectrum with in-dex −2 is disfavored at the level of 3.8σ (Aartsen et al. 2015a ).
An even softer spectrum with index of −2.92
+0.33
−0.29 from six years of High Energy Starting Event (HESE) IceCube data at energies above 40 TeV was reported (IceCube Collaboration et al. 2017 ). However, cosmic muon neutrinos with energies > 194 TeV from the northern hemisphere from six years of IceCube data have a hard spectral index of −2.13±0.13 (Aartsen et al. 2016) . The difference between the best-fit spectral indices in different energy bands can be explained by a two-component model (He et al. 2013b ): a soft component explaining the lower-energy neutrinos, and a hard component explaining the higher-energy neutrinos. This model can be tested with improved statistics.
The flux of the observed all-flavor neutrinos around 30 TeV is as high as 10 −7 GeVcm −2 s −1 sr −1 (The IceCube Collaboration et al. 2015) . Meanwhile, the Fermi Large Area Telescope (LAT) collaboration reported that blazars' contributions dominate the diffuse extragalactic gamma-ray background (EGB) above 50 GeV , while blazars only contribute to less than 10% of the neutrinos observed by the IceCube. This leads to the puzzling fact that diffuse gamma-ray emission from neutrino sources is much weaker than one would expect based on IceCube neutrino observations . The tension can be avoided if the neutrino sources are distant (Chang et al. 2016) , if the neutrino production occurs in pγ interactions along the line of sight (Essey et al. 2010 (Essey et al. , 2011 Kalashev et al. 2013) , or if the gamma-ray emission in the GeV-TeV band is suppressed, so that the neutrino sources are hidden from gamma-ray observations. The hidden sources can be AGN cores (Stecker 2005; Murase et al. 2016) , choked jets in tidal disruption events of supermassive black holes ) and a pair of choked jets in core-collapse massive stars (Mészáros & Waxman 2001; Razzaque et al. 2004; Murase & Ioka 2013; Xiao & Dai 2014; Senno et al. 2016) .
At the end of its life, a massive star can collapse into a neutron star, a quark star, or a black hole, and it can produce an energetic jet. The core collapse of massive stars which lost their outer layer of hydrogen and helium due to strong winds or mass transfer to a companion (Filippenko 2005 ) may produce Type Ib/c supernovae (SNe), while the core collapse of massive stars which did not lose their stellar envelope may produce Type II SNe. There is no essential difference between the Type Ib/c and II SNe, though their spectra are superficially different due to the different properties of their stellar envelopes. For massive stars with strong winds, which blow out most of the materials of their stellar envelope, i.e., Wolf-Rayet stars, the jets with large injected energy can easily break through the star and produce gamma-ray emission, usually observed as a GRB, which is suggested to be associated with a Type Ib/c SN (Hjorth & Bloom 2012) . These GRB jets are believed to accelerate protons and produce high-energy neutrinos in interactions of protons with gamma rays (Waxman & Bahcall 1997) . However, the flux of the diffuse neutrinos from GRBs is not high enough to explain the observed neutrino flux, and no associations between the observed GRBs and neutrinos have been observed so far (Aartsen et al. 2015b . If the jets are propagating in a thick stellar envelope or extended material (Mészáros & Waxman 2001; Razzaque et al. 2004; Murase & Ioka 2013; Xiao & Dai 2014; Senno et al. 2016 ), they may not be able to break out through them. The choked jets might be more ubiquitous than the break-out ones. In that case, neutrinos and gamma-rays are produced via the interaction of accelerated protons and thermal photons in the choked jets. Since the neutrinos and gamma rays are produced inside the stellar envelope, the source is opaque to gamma-ray photons but transparent for neutrinos. This can explain the lack of association between the observed GRBs and IceCube neutrinos, as well as the tension between the diffuse gamma-ray and neutrino observations. The detailed features of the observed neutrino spectrum can help us to study the sources hidden in the gamma-ray band, and the possible association between neutrinos and SNe will provide us with more information on the progenitor stars.
There have been many investigations of choked jets from the progenitor of Type Ib/c SNe, corresponding to the scenario of failed GRBs, with the duration of the central engine less than 100 s, which is typical for long GRBs (Mészáros & Waxman 2001; Razzaque et al. 2004; Murase & Ioka 2013; Senno et al. 2016) . However, for jets choked in the stellar envelope of red/blue supergiant stars, associated with Type II SNe, the duration of the central engine could be longer than for long GRBs (Xiao & Dai 2014) ; the feasibility of the long duration is discussed in Section 2. With the same energy budget, the scenario with longer duration and lower luminosity will lead to a neutrino spectrum with a lower cutoff energy at the high energy end, as will be discussed in Section 5.
Since the rate of Type II SNe is about three times that of Type Ib/c SNe (Li et al. 2011) , the study of the choked jets from the progenitors of Type II SNe is also important. In this paper, we study neutrinos associated with Type II SNe, i.e., neutrinos from jets choked in the hydrogen envelope of red supergiant stars (RSGs). We discuss the conditions under which jets are choked and protons are accelerated in Sections 2 and 3, respectively. Then we discuss the interactions between protons and the target photons in Section 4, and study the features of the produced neutrinos spectrum in Sections 5 -7. We predict that a newly born jet-driven type II SN may be observed to be associated with the neutrino bursts in Section 8. Finally, we discuss and summarize in Section 9.
CHOKED JET DYNAMICS
It is widely believed that, at the end of their lives, a fraction of rapidly rotating massive stars will undergo core collapse, form a compact star or a black hole, and launch a pair of jets. We assume that the core of an RSG is surrounded by a helium envelope of size ∼ 10 11 cm, and a hydrogen envelope of size ∼ 3 × 10 13 cm with a slowly varying density ρ H ≃ 10 −7 gcm −3 ρ H,−7 (Mészáros & Rees 2001) . A successful jet will propagate in the helium and hydrogen envelopes, and finally break out through the star. However, if the jet lifetime is shorter than the jet crossing time, the jet is stalled before it breaks through the star (MacFadyen et al. 2001; Mészáros & Rees 2001; Mészáros & Waxman 2001) .
A forward shock and a reverse shock are produced when the jet is propagating in the hydrogen envelope. The shocked region between the two shocks is the jet head. The Lorentz factor of the jet head and the unshocked jet plasma is Γ h and Γ, and the Lorentz factor of the shocked jet plasma in the rest frame of the unshocked jet plasma is
where β = 1 − 1/Γ and β h = 1 − 1/Γ h . The energy density of the region behind the reverse shock is (Blandford & McKee 1976; Sari & Piran 1995) 
where
is the number density of the un-shocked jet, with the radius R h ≃ 2β h ct. The energy density of the region behind the forward shock is
Balancing the energy densities of these two regions, one can derive the Lorentz factor and the radius of the jet head, Γ h and R h . According to Equation (1) in Mészáros & Rees (2001) , for a larger isotropic luminosity, i.e., L iso > 10 54 erg s −1 r 2 13.5 ρ H,−7 , the velocity of the jet head is relativistic (Razzaque et al. 2004; Ando et al. 2005; Murase & Ioka 2013; Senno et al. 2016) . In this paper, we scan the parameter space of the isotropic luminosity L iso and the lifetime t of the jet, and find that, for most of the parameters we are concerned with, the jet head is non-relativistic, i.e., Γ h ∼ 1, allowing us to perform an analytical calculation as follows.
In the non-relativistic case, the velocity of the jet head at radius r is approximated to be
and the corresponding propagating time is
Combining Equations (4) and (5), one can derive the radius and the velocity of the jet head at the end of the jet lifetime t analytically, i.e.,
and
The above results are consistent with the Lorentz factor of the jet head being Γ h ≃ 1 as long as
According to Equation (6), the jet crossing time, i.e., the time that the jet takes to break through the stellar envelope of radius of R, is
If the jet lifetime is smaller than the jet crossing time, i.e., t < t cros ,
the jet cannot break out through the stellar envelope. In this case, the jet is choked and this object will not be observed as a shock breakout phenomenon or a GRB. Rather, it will become a jet-driven type II SN. We will discuss this point in Section 8. According to observations, the duration of long GRBs is about < 100 s, while very long GRBs and ultra-long GRBs with durations of ∼ 10 3 s and ∼ 10 4 s have been observed (Greiner et al. 2015) , and a few GRBs can reach ∼ 10 5 s, with the central engine unclear (Levan 2015) . The majority of the durations of the choked jet events are plausibly different from those of the successful jet events, i.e., the observed GRBs. If we assume the jet is powered by the rotation energy of the central magnetar (Usov 1992; Metzger et al. 2011; Mazzali et al. 2014; Greiner et al. 2015; Gompertz & Fruchter 2017 ) with a mass of 1.4 M ⊙ and a radius of 10 km, the upper limit of the jet lifetime is about the spin-down duration of the magnetar, which is (Ostriker & Gunn 1969) 
where P i is the initial spin period, and B m is the strength of magnetic field of the magnetar. If we assume the jet is powered by the accretion of the star material onto the central black hole, the upper limit of the jet lifetime is the free-fall time of the star material, which is (Kippenhahn & Weigert 1994) 
where G is the gravitational constant, and M c is the mass of the central black hole. Therefore, in this paper, we assume the jet lifetime to be a free parameter with a value in the range of ∼ 10 − 10 6 s.
PARTICLE ACCELERATION CONSTRAINT IN THE INTERNAL SHOCK
Due to the inhomogeneities of the jet, an internal shock can be produced beneath the jet head at radius R IS R h , by a rapid shell catching up with and merging into the slow shell. The relative Lorentz factor between the two shells is Γ rel ≃ (Γ r /Γ + Γ/Γ r )/2 ∼ 3, where Γ r and Γ are the Lorentz factors of the rapid and merged shells, respectively. Cosmic rays are accelerated efficiently in the internal shock, if the comoving size of the upstream flow l u = RIS/Γ Γ rel is much smaller than the mean free path length of the thermal photons in the upstream flow, l dec = 1/(n u σ T ) (Murase & Ioka 2013) , where the number density of particles in the upstream flow is n u = np,IS Γ rel , and n p,IS =
H,−7 is the proton number density in the un-shocked material. This acceleration constraint of l u < l dec requires that (Murase & Ioka 2013; Senno et al. 2016) ,
with C = 1 + 2lnΓ 2 rel is a coefficient accounting for pair production. When the internal shock approaches the jet head, i.e., R IS ∼ R h , the criterion of efficient acceleration of protons can be rewritten as
Then the accelerated protons interact with the photons escaping from the jet head.
If the constraint shown in Equation (14) is satisfied, the internal shock is able to accelerate protons, with an acceleration timescale of (15) where φ is the number of the gyro-radii required to efold the particle energy, q e and ǫ p are the charge and the energy of the proton, and
is the strength of the magnetic field in the internal shock with ǫ B as the fraction of the magnetic field energy.
THE TARGET PHOTONS
In the shocked jet head region, the Thomson optical depth of the shocked plasma is
where n h = (4Γ + 3)n j is the number density of electrons in the shocked jet head region, and f a =
4Γ+3 4Γ
∼ 1 if Γ ≫ 1 and Γ h ≃ 1. If
the electrons in the reverse shock are heated and lose all their energy ǫ e e r into a thermal radiation with a temperature of
where k B is the Boltzmann constant, and
∼ 1 if Γ ≫ 1 and Γ h ≃ 1. The number density of thermal photons in the shocked jet is
When the internal shock approaches the jet head region, the thermal photons will escape into the internal shock with a fraction of f esc = 1/τ h (Murase & Ioka 2013) , since it's optically thin in the internal shock. There, the energy of the thermal photons from the jet head is boosted by a factor ofΓ ∼ Γ if Γ ≫ Γ h and Γ h ≃ 1. Then the number density of thermal photons in the internal shock is
and the peak energy of the thermal photons in the internal shock frame is boosted to be
On the other hand, the electrons are accelerated in the internal shock. The acceleration timescale for electrons with Lorentz factor of γ e is t e,acc (γ e ) = φ e γ e m e c 2 q e Bc = 2.1 × 10 −9 s φ e,1 γ e,1.5 ǫ
and the cooling timescale via synchrotron emission (Sari et al. 1998 ) is 
where φ e is the number of the gyro-radii required to e-fold the electron energy. Comparing the acceleration timescale with the cooling timescale above, one can derive the maximum Lorentz factor of electrons accelerated in the internal shock, which is
H,−7 (25) We assume a fraction of ǫ ′ e of the shock energy goes into the electrons, and the spectral index of the accelerated electrons is p = 2.2, then the minimum Lorentz factor of the accelerated electrons in the internal shock is (Sari et al. 1998 )
So the cooling timescale for electrons with Lorentz factor γ e,min is t e,c (γ e,min ) = 0.30 s ǫ
H,−7 , which is much smaller than the dynamic timescale of the shock
In addition, from Equation (4), one has t e,c (γ e ) ∝ γ −1 e . Therefore, electrons with Lorentz factor γ e > γ e,min are cooled even faster via synchrotron radiation. Finally, most of the electrons are cooled to the low-energy end with Lorentz factor γ e < γ e,min . The energy of the corresponding photons is smaller than (Sari et al. 1998 
which is too low to reach the threshold of photo-meson interaction and interact with the accelerated protons in the internal shock (the maximum energy of the accelerated protons is calculated in Section 5.2.). Therefore, the synchrotron photons of electrons in the internal shock as the target photons of photo-meson interaction can be ignored. 
FEATURES OF THE NEUTRINO SPECTRUM
As discussed above, our model is valid only if some conditions are met, namely the jet is choked, protons are accelerated to high energy efficiently, and thermal photons are produced in the jet head and propagate into the internal shock region. Then the accelerated protons interact with the photons from the choked jet head and produce pions. A charged pion with the characteristic energy ǫ π ∼ 0.2 ǫ p , decays into a neutrino and a muon with characteristic energy ǫ µ ∼ 0.15 ǫ p via the process π
The produced muon further decays into one lepton and two neutrinos:
. The average energy of the neutrinos is ǫ ν ∼ 0.05 ǫ p . The produced neutrino spectrum has two features: one is a cutoff at low energy due to the threshold of the photo-meson interaction, and the other is a cutoff at high energy due to the photomeson cooling of protons, or the synchrotron cooling of pions and muons. Below we calculate the two characteristic energies of the neutrino spectrum.
5.1. The low-energy cutoff For a proton energy in the range
the ∆-resonance dominates the photo-meson interaction, with cross section σ ∆ = 5 × 10 −28 cm 2 . Assuming the inelasticity is f in,p∆ = 0.2 (Atoyan & Dermer 2001) , the timescale of the ∆-resonance cooling is approximated to be
which is much smaller than the dynamic timescale of the shock t dyn as in Equation (4), meaning that the photomeson interaction efficiency is as high as 100%. The timescale of the protons in the internal shock losing en- Figure 1 . Constrained luminosity-duration (L iso − t) space with fixed Lorentz factor Γ = 10 (upper panel) and Γ = 100 (bottom panel), respectively. We fix the outer radius and the density of the hydrogen envelope as R H = 3 × 10 13 cm and ρ H = 10 −7 g cm −3 , with ǫe = 0.1 and ǫ B = 0.01. The parameter space to the left of the black solid line corresponds to the choked jet situation, that below the red solid line satisfies the acceleration constraint, and that above the blue solid line corresponds to the jet head optically thick situation. The color contours denote the values of the low-energy cutoff of the neutrino spectrum, which is only valid in the parameter space enclosed by the blue, black, and red solid lines. The yellow dotted, dashed, dash-dotted and solid lines correspond to the isotropic injected energy of E iso = 10 52 erg, 10 53 erg, 10 54 erg, and 10 55 erg, respectively. ergy via the pp collision is
where the cross section of the pp collision is approximated to be σ pp ≃ 5 × 10 −26 cm 2 , and the inelasticity is assumed to be f in,pp = 0.2. The pp collision can be neglected since the timescale of the energy loss t pp is much longer than the dynamic timescale t dyn .
For ǫ p < 0.2 GeV 2 /(2ǫ γ,IS ), the cross section of the photo-meson interaction decreases rapidly, leading to a cutoff at the low-energy end of the neutrino spectrum (Mücke et al. 1999) .
Therefore, the threshold of the photo-meson interactions in the internal shock frame corresponds to the proton energy ǫ p,th = 0.2 GeV 2 /(2ǫ γ,IS ) = 3.6 × 10 13 eV ǫ 
Thus, a lower-energy cutoff of the observed neutrino spectrum appears due to the threshold of the photomeson interaction at 
We plot the value of ǫ obs ν,th as a function of the isotropic luminosity L iso and the lifetime t of the jet using color contours in Figure 1 . The parameter space to the left of the black solid line satisfies the choking condition as discussed in Section 2. The parameter space below the red solid curve satisfies the internal shock acceleration constraint as discussed in Section 3. The parameter space above the blue solid curve satisfies the condition of producing thermal photons in the jet head as discussed in Section 4. The color contours are valid for parameters which satisfy these constraints, i.e., in the region enclosed by the red, blue, and black solid lines. Comparing the two panels, the choking condition does not change for different Lorentz factors, but the shock acceleration constraint is tighter for a smaller Lorentz factor. Thus, for a smaller Lorentz factor Γ = 10, only jets with a lower luminosity and a longer lifetime can accelerate protons efficiently in the internal shock, and the low-energy cutoff is at around a few tens to a few hundreds of TeV for local sources. For a larger Lorentz factor Γ = 100, the low energy cutoff of the observed neutrino spectrum is about 1 − 10 TeV.
The high-energy cutoff
For protons with energies ǫ p > 0.4GeV 2 /(2ǫ γ,IS ), i.e., 
When t pγ ≥ t p,acc (ǫ p ), the protons cannot be accelerated to an energy as high as ǫ p before cooling. 8 Comparing the photo-meson cooling timescale (Equation (35)) and the acceleration timescale (Equation (15) 
Moreover, the synchrotron cooling of pions and muons will suppress the flux of neutrinos when the synchrotron cooling timescales of pions and muons are shorter than their lifetimes. Adopting the approximations that the energy of the produced pions is ǫ π = 0.2ǫ p and the energy of the produced muons is ǫ µ = 0.15ǫ p , the lifetimes of pions and muons can be written as functions of ǫ p , i.e., τ π = 0.038 s ǫ p,15 and τ µ = 3.15 s ǫ p,15 . The synchrotron cooling timescales of pions and muons are
Comparing the synchrotron cooling timescale with the lifetime of the leptons, we find that, during the photomeson interactions, muons with the energy larger than ǫ µ,sup cool first before decaying, where the critical energy of muons in the internal shock is ǫ µ,sup = 6.5 × 10 14 eV ǫ 
due to the synchrotron cooling of the muons. Muons with energy larger than ǫ µ,sup will produce synchrotron photons with the energy larger than the characteristic energy of
in the internal shock, where γ µ,sup = ǫ µ,sup /(m µ c 2 ) is the Lorentz factor of a muon with the energy of ǫ µ,sup . Therefore, the energy of the synchrotron photons is much higher than that of the thermal photons from the jet head, leading to the production of GeV neutrinos via the ∆-resonance of photo-meson interaction, which is beyond our scope.
On the other hand, a low luminosity and a large Lorentz factor result in a slow acceleration according to Equation (15), but a fast photo-meson cooling according to Equations (30) and (35). For the extreme case t ∆ ≤ t p,acc (ǫ p,th ), the protons are quickly cooled via the photo-meson interaction as long as they are accelerated to be above the threshold energy. Then the spectrum is no longer an extended power law spectrum, but a peaked spectrum with peak energy around ǫ p,th .
We estimate the overall maximum energy of the produced neutrinos by comparing the three energies calculated above, which are ǫ 
The fast cooling case where ǫ obs ν,max = ǫ obs ν,th can be realized for a larger Lorentz factor and lower luminosity. We plot the value of ǫ obs ν,max in Figure 2 . From Figure 2 , one can see that the parameter space is roughly divided into two regions: the red region corresponds to a maximum energy of the spectrum ≥ 10 15 eV, which is hereafter called the "hard phase", while the dark blue region corresponds to a maximum energy of the spectrum ≤ 10 14 eV, which is called the "soft phase", and the light blue region corresponds to a maximum energy of the spectrum in between 10 14 and 10 15 eV, which is called the "intermediate phase".
As shown in the upper panel in Figure 2 , for a low Lorentz factor, Γ = 10, it is unlikely that the spectrum is hard enough to explain PeV neutrinos; this is due to the photo-meson cooling. On the other hand, as in the bottom panel in Fig 2, for the case with a large Lorentz factor, Γ = 100, a high luminosity of the jet is required to explain PeV neutrinos.
In the next section, we adopt a few parameter sets for different phases with the same isotropic injection energy E iso = L iso t = 10 53 erg, to study the neutrino spectra from individual sources for different phases.
NEUTRINOS FROM INDIVIDUAL SOURCES
To calculate the neutrino spectrum distribution, we adopt the analytical description of the energy distribution of neutrinos produced in the photo-meson interaction from Kelner & Aharonian (2008) . We also consider the effect of photo-meson cooling on the proton acceleration and the suppressions due to the synchrotron cooling of the secondary pions and muons, as discussed in Section 5.2.
According to Figure 2 , we choose one parameter set of L iso = 3.3 × 10 48 erg s −1 and t = 3.3 × 10 4 s, which is in the soft phase for Γ = 100, while is in the intermediate phase for Γ = 10. We also choose the parameter set of L iso = 1.0 × 10 51 erg s −1 and t = 1.0 × 10 2 s, which is in the hard phase for Γ = 100, while is not valid for Γ = 10 since it violates the acceleration constraint. The spectra of the neutrino fluence from individual sources at a distance of 1 Gpc are plotted in Figure 3 . We can see three different types of spectra. The dashed line shows a soft spectrum, which can only contribute to the 10 − 100 TeV neutrinos due to the fast photo-meson cooling, the dotted line shows a hard spectrum, extending from a few TeV to PeV energy, and the dash-dotted line shows an intermediate phase between the soft and the hard spectrum.
DIFFUSE NEUTRINOS
To calculate the diffuse neutrino spectrum, we assume that the rate of choked jets R cj (z) at redshift z follows the star formation rate ρ sf (z), i.e., where the star formation rate is (Madau & Dickinson 2014) 
(1 + z)
and A cj is a free normalization coefficient in units of M ⊙ −1 . Here we adopt a constant luminosity instead of a luminosity function for the choked jets, because in our model only sources with luminosities satisfying those constraints as in Figure 1 can produce neutrinos, and their luminosity distribution would not follow a known luminosity function. The diffuse neutrino flux is calculated via integrating the neutrino spectrum over the red- shift from 0 to 8, i.e., (Murase 2007 )
where the cosmological parameters are adopted as H 0 = 70 kms −1 Mpc −1 ,Ω M = 0.3, and Ω λ = 0.7, ǫ ν dNν dǫν (ǫ ν )dǫ ν is the neutrino flux at the source frame, and Ω = 2π(1 − cos θ) is the solid angle of a jet with the open angle assumed to be θ = 0.2.
We calculated the diffuse neutrino spectra for three parameter sets the same as in Figure 3 . The diffuse neutrinos are dominated by the contribution from sources at redshifts of around z = 1−3, since the star formation rate density peaks around those redshifts. However, there are still many uncertainties on the total star formation rate density at high redshifts due to problems with selections of high-redshift galaxies and accurate measurements of their star formation rates (e.g., . It is possible that there are more massive stars at high redshift, for example, PoP III stars, which may contribute more to the neutrinos.
We calculate the neutrino spectra with three fixed parameter sets, implying three fixed spectral shapes. The normalization parameter A cj is the only free parameter; then the flux of the spectra in Figure 4 are normalized via the parameter A cj . By fitting the IceCube combined data (Aartsen et al. 2015a ) and the IceCube six year HESE data (IceCube Collaboration et al. 2017) for all flavor neutrinos, we get the best values of A cj , which are listed in Table 1 . The three spectra, compared with the combined and six year data for all flavor neutrinos, are listed in Figure 4 . Then the corresponding constrained local rate of the choked jet events R cj (z = 0) can be calculated via Equation (44), and the values are also listed in Table 1 . The jet's kinetic energy, Figure 4 . In the last three columns, N S (Nν µ > 1), N S (Nν µ > 2), and N S (Nν µ > 3) denote the expected amount of sources from which more than 1, 2, and 3 muon neutrinos can be detected by IceCube per year, respectively.
1.0×10
51 erg, which we adopt in this paper, is typical for a SN, and the constrained local choked jet rate is about 1.5×10 3 − 2.1×10 4 Gpc −3 yr −1 , as seen in Table 1 . For comparisons, the required event rate is larger than the rate of observed successful GRBs, where the rate of highluminosity long GRBs (with isotropic luminosity above 10 50 erg s −1 ) is 0.8
, and the rate of lowluminosity long GRBs (with isotropic luminosity above 5 × 10 46 erg s −1 ) is 164
+98
−65 Gpc −3 yr −1 (Sun et al. 2015) . However, the required event rate is only about 1% − 20% of the typical type-II SN rate, ∼ 10 5 Gpc −3 yr −1 (Atteia 2013) , which is consistent with our assumption.
Since the angular resolution of observing muon neutrinos is better than that of observing the other flavors, considering the beam correction, we calculate the rates of observing more than 1, 2, and 3 muon neutrinos for the three parameter sets based on the constrained source rate for the single-component fitting, and list them in the last three columns of Table 1 . Here we assume the ratio between the three flavors is approximated to 1 : 1 : 1 due to their oscillations (Learned & Pakvasa 1995; Athar et al. 2000) , although the real flavor ratio is slightly different from 1 : 1 : 1 considering their oscillations in the stellar envelope (Sahu & Zhang 2010 ). As we can see from Table 1, IceCube can observe about four triplets of muon neutrinos during 10 years of operation.
As seen in Figure 4 , the hard phase (dotted line) produces a hard spectrum with a cutoff at ∼ PeV, while the soft phase (dashed line) produces a soft spectrum with a cutoff at lower energy, but cannot produce PeV neutrinos. If we assume that both the hard and the soft phases contribute to the neutrino spectrum, one can get a soft spectrum with a cutoff at ∼ PeV. The twocomponent spectra, assuming that the flux ratio of the hard phase to the soft phase at 10 TeV is 0.2, are plotted in the upper panel of Figure 5 . The existence of the cutoff at ∼ PeV is evidence of this model. If the energy of the cutoff is above a few to 10 PeV, one needs an additional component to explain the ≥ PeV neutrinos. Neutrinos from AGN cores (Stecker 2005) or from distant blazars (Kalashev et al. 2013 ) may contribute at the ≥ PeV energy, and neutrinos from the choked jets contribute at the lower energy. This possibility is plotted in the bottom panel of Figure 5 .
OBSERVATIONAL PREDICTIONS
The choked jet in our model might not result in GRBs, rather, it might result in a type-II (especially type-IIP, Arcavi 2017) SN, since the total jet energy exceeds the gravitational binding energy of the progenitor star. This is consistent with the observations that only a small frac- tion of SNe are associated with GRBs. After the central engine stops, the jet tail catches up with the jet head after δt 1 = R h /βc, where βc ≃ c is the velocity of the jet tail. Then the jet head starts to decelerate and propagate like a jet-driven SN explosion (Nagataki 2000) . Since the typical radial velocity of an SN shock is about v sh ∼ 10 9 cm s −1 (Wongwathanarat et al. 2015) , the time for the jet head to break out through the outer stellar envelope, with length of (R − R h ), is evaluated as δt 2 ≃ (R − R h )/v sh , where R and R h are the radii of the star and the jet head. Meanwhile, it takes δt 3 = (R − R h )/c for neutrinos to reach the stellar surface. Therefore, the observed time delay of photons from the beginning of the SN explosion to neutrinos is δt
H,−7 . We note here, since the light curve of the SN explosion takes a few days to a few tens of days to reach the peak flux, we may not be able to detect photons at the very beginning of the SN explosion. Fortunately, the light curve of Type II SNe usually extends from around a hundred days to a few hundred days, we have a large time window to observe them. Once we observe an SN spatially associated with a muon neutrino triplet, we can trace back to the explosion time according to the observed light curve, and then measure the time difference between the neutrino burst and the explosion. (Kalashev et al. 2013) IC2015 IC2017 Figure 5 . Two-component spectra. In the upper panel, a soft phase with the parameter set of L iso = 3.3 × 10 48 ergs −1 , t = 3.3 × 10 4 s, and Γ = 100 is adopted as the dashed line, and a hard phase with the parameter set of L iso = 1.0 × 10 51 ergs −1 , t = 1.0 × 10 2 s, and Γ = 100 is adopted as the dotted line. In the bottom panel, an intermediate phase with the parameter set of L iso = 1.0 × 10 50 erg s −1 , t = 1.0 × 10 3 s, and Γ = 100 is adopted as the dashed line, and a PeV neutrino component from distant blazars (Kalashev et al. 2013 ) is adopted for the dotted line. The other parameters are the same as in Figure 4 . The solid line is the sum of the dashed line and the dotted line.
As listed in Table 1 , about four triplets of muon neutrinos are expected to be observed during 10 years of IceCube's observations. The detections on new-born type-II SNe following the observation of muon neutrino singlets, doublets, and especially triplets, will be strong evidence for the dominant contribution of the choked jet neutrino. Moreover, the jet-induced feature, i.e., the substantially asymmetric and predominantly bi-polar explosion (Wheeler et al. 2002) , will provide us with more evidence for the existence of the choked jet. Any future observed time difference between the muon neutrino triplet and the photon emission will help one to constrain the model.
We calculate the mean number of observed muon neutrino events from a source at distance of Table 1 , respectively, which are within the current detection radius of core-collapse SNe (Taylor et al. 2014) .
For an extreme high isotropic energy E iso = 10 54 erg, corresponding to a jet energy of 10 52 erg for θ = 0.2, as seen in the bottom panel of Figure 2 , only a small parameter space is consistent with our model, and the associated SN might be a type II superluminous SN (SLSN). If one adopts parameters Γ = 100, L iso = 10 51 erg s −1 , and t = 10 3 s, more than three muon neutrinos on average can be observed by IceCube if the source is located within ∼ 0.6 Gpc. This limitation on the source distance (z ≤ 0.05) is within the current detection radius of an SLSN.
The new-born type-II SN/SLSN associated with the triplet of muon neutrinos might be observed by optical/infrared and X-ray observatories. The three instruments adopted in the IceCube Optical Follow-up program and X-ray • will be suitable telescopes for the follow-up observations, since the median angular resolution of the muon track events is around 1
• (IceCube Collaboration et al. 2016). The Large Synoptic Survey Telescope (LSST) with a 3.5
• FOV (Angeli et al. 2014) as well as the Pan-STARRS1 (PS1) telescope with a 3.3
• FOV, will provide a useful archive to search for detections retrospectively (Aartsen et al. 2015c ).
CONCLUSIONS
Choked jet sources produce neutrinos without accompanying gamma rays, thus avoiding a conflict between the diffuse gamma-ray observations and neutrino observations. The choked jets might be very common at the end of the massive stars' lives. In this paper, we have considered the properties of the neutrino spectrum from a choked jet in a red supergiant star, which is associated with type II SNe/SLSNe. The parameter space consistent with observations is roughly divided into the soft and hard phases. The soft phase corresponds to a soft part of the spectrum with a cutoff at around a few tens of TeV. This component does not contribute to PeV neutrinos. The hard phase corresponds to a hard spectrum with a cutoff at ∼ PeV. For the choked jet model, it is difficult to explain the soft feature of the spectrum and PeV neutrinos using a single component. However, a two-component spectrum can explain the IceCube data. In addition to a soft spectrum contributing to the low-energy neutrinos, a second component, such as a hard spectrum, neutrinos from AGN cores (Stecker 2005) or neutrinos from distant blazars (Kalashev et al. 2013) contributing to the PeV neutrinos, is needed. We plot one-component spectra and two-component spectra in Figures 4, and 5 , respectively. The contribution from a fast photo-meson cooling case softens the neutrino spectrum, which is consistent with the currently observed soft spectrum. Another predicted feature is the low-energy cutoff at ∼ 20 TeV, as discussed in Section 5.1. A possible cutoff around PeV can be used to test the origin of the second component.
Neutrino oscillations can affect the observed flavor composition depending on whether the neutrinos go through a stellar envelope (Sahu & Zhang 2010) . Hence, the future precise observations on the neutrino flavor ratio can be another way to test the choked jet model. Furthermore, our model predicts newly born jet-driven type-II SNe/SLSNe associated with the production of neutrinos. The detection of such SNe associated with an observation of a muon neutrino singlet, doublet, or triplet will be a strong evidence in favor of the choked jet model.
